Introduction
Vascular smooth muscle cells (SMCs) exist in a diverse range of phenotypes, and the phenotypic modulation of vascular SMCs is a hallmark of vascular dysfunction in hypertension (1, 2) . Under physiologic conditions, vascular SMCs exhibit the differentiated/contractile phenotype, whereas, under pathologic conditions, vascular SMCs display a proliferative/ dedifferentiated phenotype and are involved in the progression of atherosclerosis (1) . SMCs in the media express 2 isoforms of the smooth muscle (SM) myosin heavy chain (MHC; SM1 and SM2) and 2 types of nonmuscle MHC (NMHC) isoforms (NMHC-B/SMemb and NMHC-A) (1, 2) . We recently reported that angiotensin II receptor type 1-mediated NAD(P)H oxidase-generated reactive oxygen species, endothelial NO synthase (eNOS) and phosphoinositide 3-kinase (PI3-K)/protein kinase B (PKB) (Akt), as well as GATA-6, a zinc finger transcription factor that regulates SM-MHC isoforms in vascular SMCs, might be crucial determinants for the vascular SMC phenotype in hypertension in vivo (3, 4) . It has also been reported that the forced expression of active forms of mitogen-activated protein (MAP) kinase/extracellular signal-regulated kinase (ERK) kinase (MEK) 1 and MAP kinase (MAPK) kinase (MKK) 6, which are the upstream kinases of ERK and p38 MAPK, respectively, induced de-differentiation of SMCs, indicating that the SMC phenotype would be determined by the balance between the strengths of the Akt pathway and the ERK and p38 MAPK pathways (5) .
The calcium antagonists have been widely used in the treatment of patients with hypertension (6) (7) (8) , in whom they inhibit cardiovascular events as effectively as angiotensinconverting enzyme (ACE) inhibitors (7) (8) (9) . In addition, recent clinical studies have revealed that the long-acting Ltype dihydropyridine calcium antagonist amlodipine may have antiatherogenic properties independent of its effects on vasodilatation (10) (11) (12) . We have also shown that amlodipine may have antiatherosclerotic antioxidative action beyond blood-pressure lowering in stroke-prone spontaneously hypertensive rat (SHRSP) hearts (13) . However, the precise mechanisms regulating vascular SMC phenotypic modulation and the critical signal transductions affecting the vascular SMC phenotype in hypertension by amlodipine remain unclear in vivo. The purpose of this study was to examine which signal transduction pathway(s) might be crucial to the antiatherogenic property of amlodipine, and regulate the aortic SMC phenotype in SHRSP in vivo.
Methods

Experimental Protocol
The Ethics Committee for Animal Experimentation at the Yamaguchi University School of Medicine approved the experimental protocol. The long-acting L-type dihydropyridine calcium antagonist amlodipine and the ACE inhibitor enalapril were provided by Pfizer Pharmaceuticals Inc. (Tokyo, Japan) and Banyu Pharmaceutical Co., Ltd. (Tokyo, Japan), respectively. Twelve-week-old male Wistar-Kyoto rats (WKY group; n= 20) and SHRSP (n= 60) were obtained from Charles River Japan (Yokohama, Japan). The WKY group was treated with a vehicle, and the SHRSP were randomly treated with a vehicle (SHRSP group), amlodipine (5 mg/kg per day, amlodipine group), or enalapril (10 mg/kg per day, enalapril group). The doses used in the experiments were determined according to Umemoto et al. (13) . Without anesthetizing the rats, systolic blood pressure (SBP) and heart rate were obtained by tail-cuff plethysmography. After the 6-week treatment period, the rats were weighed, euthanized with a sodium pentobarbital overdose and perfusion-fixed for 5 min at a pressure of 90 mmHg with heparinized saline followed by Bouin's solution; then, paraffin slices (4-μm thick) of the thoracic aortas were stained with Sirius red as previously reported (3) . Care was taken not to damage either the endothelium or the medial layer. The other rats were also euthanized by an intraperitoneal sodium pentobarbital overdose, and then the rat thoracic aortas were immediately rinsed with phosphate-buffered saline to remove adventitial fat and connective tissue by blunt dissection, frozen in liquid nitrogen, and stored at −80°C until used for immunoblots (3) . In some experiments, the endothelium was denuded as previously reported (3).
Histological Analysis
The total cell number in the aortic tunica media, the wall thickness/lumen ratio (the medial thickness to the internal diameter), and the percentage of the total collagen volume fraction determined by Sirius red staining were measured from 5 randomly selected fields in 1 cross-section of the aorta in a blind fashion using a computer-assisted image analysis system as previously reported (3) , and the mean value of each aorta was used for statistical analysis.
Immunoblotting
The following were applied for immunoblotting using the enhanced chemiluminescence (ECL™) system (Amersham Biosciences, Piscataway, USA) as previously reported (3): mouse monoclonal antibody against human α-SM actin (DakoCytomation, Kyoto, Japan), mouse monoclonal antibodies against rabbit contractile-type SM-MHC isoform SM2 and NMHC-B/SMemb (Yamasa, Choshi, Japan), and human eNOS (Transduction Laboratories, Lexington, USA), goat polyclonal antibodies against human Akt and MKK6, rabbit polyclonal antibody against mouse p38 MAPK and rat MEK1, mouse monoclonal antibodies against human phospho-42/44 ERK (p-42/44 ERK) and phospho-p38 MAPK (pp38 MAPK) (Santa Cruz Biotech, Santa Cruz, USA), and rabbit polyclonal antibodies against rat 42/44 ERK and mouse phospho-Akt (p-Akt) (Cell Signaling Technology, Beverly, USA). The ratios of each protein (SM2, NMHC-B/SMemb, eNOS, MKK6, and MEK1) to α-SM actin (as an internal standard), the ratio of p-Akt to total Akt, the ratio of p-p38 MAPK to total p38 MAPK, and the ratio of p-42/44 ERK to total 42/44 ERK were obtained by calculating the percentage of each protein expression vs. the vehicle WKY group, respectively.
Statistical Analysis
All values are expressed as the means ±SEM. The experimental groups were compared by ANOVA followed by Scheffe's multiple comparisons. Values of p< 0.05 were considered statistically significant.
Results
The heart rate was unaltered among the 4 groups ( Table 1) . Throughout the experiments, SBP in the vehicle SHRSP group was significantly higher than that in the WKY group. The two drugs significantly and equally reduced SBP compared with that in the vehicle SHRSP group. However, both the amlodipine and enalapril groups showed significantly higher SBP than the WKY group (Fig. 1) . Body weight was greater in the WKY group than in the 3 SHRSP groups, but there was no difference in the body weights among the vehicle and the 2 drug-treated SHRSP groups ( Table 1) .
The wall-to-lumen ratio and collagen volume fraction were increased in the vehicle SHRSP group compared with the WKY group. The 2 drug-treated groups had significantly lower values than the vehicle SHRSP group. There were no significant differences in these values between the 2 drugtreated SHRSP groups, but the values were still significantly higher than in the WKY group. There was little difference in the total cell number in the aortic media among the 4 groups ( Table 1 ). Figure 2 shows that SM2 expression in the aorta was significantly decreased in the vehicle SHRSP group compared with the WKY group. Compared with the vehicle SHRSP group, SM2 expression in the aorta was significantly higher in both the amlodipine and enalapril groups, with no significant difference seen between the 2 drug-treated groups. However, the level of SM2 expression in both drug-treated groups was still significantly lower than that in the WKY group. In contrast, NMHC-B/SMemb expression in the aorta was significantly higher in the vehicle SHRSP group compared with the WKY group. Compared with the vehicle SHRSP group, NMHC-B/ SMemb expression in the aorta was significantly lower in both the amlodipine and enalapril groups, with no significant difference seen between the 2 drug-treated groups. The level of NMHC-B/SMemb expression in both the drug-treated groups was, however, still significantly greater than that in the WKY group.
We further examined which signal transduction regulates the rat aortic SMC phenotype in vivo. The expressions of pp38 MAPK and p-42/44 ERK in the aortas were significantly higher in the vehicle SHRSP group than in the WKY group (Fig. 3) . The 2 drug-treated groups had significantly lower aortic expressions of both p-p38 MAPK and p-42/44 ERK than the vehicle SHRSP group. Both drugs reduced p-p38 MAPK in SHRSP aortas, with no significant difference seen between the 2 drug-treated groups, whereas amlodipine was more effective than enalapril at decreasing p-42/44 ERK expression in SHRSP aortas. The level of p-p38 MAPK and p-42/44 ERK expressions in both the drug-treated groups was, however, still significantly greater than that in the WKY group.
We also examined the aortic expressions of MKK6 and MEK1, the upstream kinases of MAPK and ERK, respectively, which were significantly higher in the vehicle SHRSP group than in the WKY group (Fig. 4) . The two drugs significantly reduced these values in SHRSP aortas. Both drugs reduced MKK6 in SHRSP aortas, with no significant difference seen between the 2 drug-treated groups, whereas amlodipine was more effective than enalapril at decreasing MEK1 expression in SHRSP aortas to the same level as in the WKY group. The level of MKK6 and MEK1 expressions in the enalapril group was still significantly greater than that in the WKY group. Figure 5 shows the results of p-Akt expression in the rat aorta with and without endothelium, and demonstrates that pAkt was significantly decreased in the vehicle SHRSP group compared with the WKY group. The 2 drug-treated groups had significantly higher p-Akt expression than the vehicle SHRSP group, both with and without endothelium. Enalapril was more effective than amlodipine at increasing p-Akt expression in SHRSP aortas both with and without endothelium.
To clarify whether endothelial dysfunction affects the regulation of the vascular SMC phenotype, we examined the level of eNOS expression in the rat aortas, and found that the level of eNOS expression was significantly decreased in the vehicle SHRSP group compared with the WKY group (Fig.  5) . The two drugs significantly restored eNOS expressions in SHRSP aortas, but the levels of eNOS expression in the 2 drug-treated groups were still lower than that in the WKY group. Enalapril was more effective than amlodipine at restoring eNOS expression in SHRSP aortas.
Discussion
In this study, we demonstrated that within 6 weeks and at the doses used, both amlodipine and enalapril significantly and equally reduced blood pressure, and shifted vascular SMCs in the SHRSP aorta toward the differentiated (contractile) type by reducing NMHC-B/SMemb and increasing SM2, and inducing equipotent inhibition of the MKK6 and p38 MAPK pathways. The major differences in the effects of amlodipine and enalapril on signaling pathways for aortic SMC differentiation in SHRSP observed in our experiments were as follows: amlodipine induced a significantly greater reduction in MEK1 and p-42/44 ERK compared with enalapril, whereas enalapril was more effective than amlodipine at increasing pAkt and eNOS in SHRSP aortas.
Meta-analyses of the recent clinical trials in hypertension suggest that blood pressure control is important, and that all antihypertensive drugs, including calcium antagonists and ACE inhibitors, have similar long-term efficacy and safety (6) (7) (8) . In addition, it has been demonstrated that amlodipine improved left ventricular hypertrophy by controlling 24-h blood pressure (14) , and reduced the rate of atherosclerosis in the carotid arteries as assessed by B-mode ultrasonography with fewer cases of cardiac events compared to the placebo in patients with coronary artery disease (11) . Furthermore, in a study that measured the progression of atherosclerosis using intravascular ultrasound, administration of amlodipine but not enalapril reduced adverse cardiovascular events and retarded atherosclerosis progression in patients with coronary artery disease and normal blood pressure (12) . These results suggest that amlodipine, as a vascular protective agent, may effectively improve outcomes in high-risk patients with coronary artery disease (15) . However, the precise mechanism of the antiatherogenic property of amlodipine in hypertension has remained obscure.
Since the main function of vascular SMCs is Ca 2+ -dependent contraction controlled by actin-myosin linked dual regulation (16, 17) , dihydropyridine calcium antagonists play an important role in the treatment of hypertension by lowering blood pressure through a mechanism of blocking L-type calcium channels in vascular SMCs, which express a large number of voltage-dependent calcium channels (18) . In addition, several potential antiatherosclerotic mechanisms of pleiotropic action independent of L-type calcium channel modulation have been reported for amlodipine (10) (11) (12) 15) , including inhibition of lipid peroxide formation, increase in NO production, modification of SMC atherosclerotic membrane defects, a proteoglycan-mediated mechanism by vascular SMCs and low-density lipoprotein-proteoglycan interaction, and SMC phenotypic change, proliferation, and migration through potent inhibition of Ca 2+ movements involved in cell-cycle initiation/progression (19, 20) . These cellular actions by amlodipine would inhibit vascular remodeling (10, 15) . We recently reported that both enalapril and amlodipine might have additional benefits for the reduction of oxidative stress, vascular remodeling, and cardiac fibrosis in SHRSP hearts beyond blood-pressure lowering, and that amlodipine inhibited vascular remodeling of intramyocardial arteries in SHRSP by efficiently modifying Cu/Zn superoxide dismutase, more so than did enalapril (13) . Amlodipine may also have antioxidant properties in addition to antihypertensive activity to inhibit neuronal cell death (21) , which would be useful to prevent cerebrovascular accidents in hypertensive patients. It has also been reported that amlodipine exerts its potent growth inhibitory effects by inhibiting the expression of early growth-response genes (10) (11) (12) (22) (23) (24) , and by interfering with multiple branches of mitogenic signaling pathways (19, (25) (26) (27) . Furthermore, Stepien et al. also reported that amlodipine specifically alters Ca 2+ mobilization by interacting with the sarcoplasmic reticulum and inhibiting voltage-dependent Ca 2+ influx and the resulting ERK activation (22) .
The phenotypic modulation of vascular SMCs is a hallmark of vascular dysfunction in hypertension (1, 2) . However, the mechanisms regulating vascular SMC phenotypic modulation and the critical signal transductions affecting the vascular SMC phenotype remain controversial (3, (28) (29) (30) (31) . Under culture conditions that maintained cultured vascular SMCs in the differentiated type, which is similar to the in vivo phenotype, Hayashi et al. recently demonstrated that maintenance of a differentiated phenotype of SMCs depends on the Akt pathway, whereas the coordinate activation of the ERK and p38 MAPK pathways induces SMC de-differentiation (5), indicating that the SMC phenotype should be determined by the balance between the strengths of the Akt pathway and the ERK and p38 MAPK pathways. We also reported that the ACE inhibitor cilazapril might inhibit NAD(P)H oxidase activity and shifted vascular SMCs in the SHRSP aorta toward the differentiated (contractile) type, and that the Akt pathway, but not the p38 MAPK or ERK pathways, may play a key role in determining SMC differentiation in the SHRSP aorta in vivo (3). Our results for enalapril in the present experiments are consistent with those of our previous reports (3), suggesting that enalapril may induce differentiation (contractility) of SMCs in SHRSP aortas, and that the balance and cross-regulation between the Akt-and MEK-signaling cascades determine the temporal pattern of ERK phosphorylation and may thereby guide the phenotypic modulation of vascular SMCs (32) . Furthermore, we showed that both amlodipine and enalapril increased Akt in SHRSP aortas with or without an endothelium, suggesting that the Akt present not only in the endothelium but also in the media may participate in the regulation of SMC phenotypic change in SHRSP aortas. Since the blood pressure-lowering actions of amlodipine and enalapril were equal, and no significant differences were observed in the reduction of the expressions of p38 MAPK and ERK between the 2 drug-treated groups, the activations of the p38 MAPK and ERK cascades in SHRSP aortas might be mainly dependent on blood pressure rather than on the drugs used.
Hypertension is a central pathogenic factor of endothelial dysfunction that is caused, in part, by the impairment of endothelial NO production by eNOS (3, 33) . Dihydropyridine calcium antagonists also modulate endothelial functions by "pleiotropic effects" such as enhancement of the bioavailability of endothelial NO, which plays a pivotal role in the regulation of vasorelaxation, leukocyte adhesion and platelet aggregation; impaired NO release is associated with the genesis and progression of atherosclerotic diseases and an increase in endothelial NO formation (10) , which may contribute to the antiatherogenic effects of amlodipine (34) . ACE inhibitors also attenuate endothelial dysfunction and enhance NO release from the vascular endothelium, which may contribute to the reduction of vascular structural alterations (35) . Furthermore, On et al. demonstrated that treatment with an ACE inhibitor or a calcium antagonist resulted in improvement by a mechanism that is probably related to antioxidant activity (33) . Our findings in the endothelium are consistent with those of our previous reports (3, 13) , suggesting that both types of drugs may restore the level of NO by increasing eNOS to induce differentiation of vascular SMCs.
Furthermore, within 6 weeks and at the doses used, enalapril may have restored eNOS by inducing a greater change than amlodipine in SHRSP aortas in our experimental model. Although the MEK-ERK pathway present in the endothelium may be involved in the effects of amlodipine on SMC phenotypic change in SHRSP aortas, based upon our findings the MEK-ERK pathway present in vascular SMCs may be more important for the phenotypic change of vascular SMCs compared with that present in the endothelium: amlodipine significantly reduced the MEK1 and p-42/44 ERK expression, while there was a significant difference in their expression in SHRSP aortas between the amlodipine and enalapril groups, even though the eNOS expression could not be restored to the same level as that of the WKY group by the administration of either drug. It has also been reported that inhibition of MEK1/ 2 does not alter blood pressure despite improved endothelial function and reduced arterial reactivity to Ang II (36) , which may support our conclusions.
There are several limitations present in this study. We cannot exclude the possibility that signal transductions other than the MEK-ERK pathway may have been involved in the SMC phenotypic change in the aorta induced by the calcium antagonist amlodipine, since it has been reported that a variety of factors-such as hemodynamic and mechanical forces, and biochemical, cytokine and extracellular matrix stimulationcould lead to changes in SMC phenotype (37, 38) . In our study, blood pressures in SHRSP treated for 6 weeks with amlodipine at the doses used were still significantly higher compared with those in WKY, and p-42/44 ERK expression in the SHRSP aorta was significantly higher than that in the WKY while MEK1, the upstream kinase of ERK, decreased to the same level as in the WKY. It is likely that the 6-week treatment of SHRSP with amlodipine was not long enough to decrease aortic p-42/44 ERK expression to the level seen in the WKY in our experiments.
In summary, our study demonstrated that enalapril and amlodipine inhibited SMC de-differentiation through the inhibition of the MEK1-ERK pathway as well as the MKK6-p38 MAPK pathway, and through the upregulation of the eNOS and Akt pathways in SHRSP aortas. Furthermore, amlodipine was more effective than enalapril at reducing the MEK-ERK pathway and increasing SM2 expression in SHRSP aortas at the doses used, suggesting that the MEK-ERK pathways might be one of the crucial determinants for the phenotypic change of vascular SMCs, which in turn might be responsible for the antiatherogenic property of amlodipine in hypertension in vivo. Further studies will be required to understand the detailed signaling pathways that regulate the vascular SMC phenotype and the functional linkage between such signaling pathways in vivo.
